Stannous and antimony oxide electrodes were prepared by metallic electrodeposition followed by thermal oxidation. For the metal deposition, two methodologies were tested: alternate and simultaneous Sn and Sb electrodepositions. Metals were deposited onto titanium foil or titanium foil covered with platinum or copper. For both preparation methods, the SnO 2 crystalline phase was identified, with Sb 2 O 3 or Sb 2 O 4 only present when alternate Sn and Sb electrodepositions were performed. The roughness factor depends on the electrodeposition method and on the substrate morphology. The introduction of a Pt or Cu metallic interlayer increases the current intensity for equal applied potential due to the increases in the substrates' conductivity and real surface area. The presence of composite Sn and Sb oxides leads to lower current intensity because the existence of distinct phases introduces resistance in the grain boundaries. Concerning the apparent activation energy for the oxygen evolution reaction, values of 73, 74 and 63 kJ mol −1 were found for Ti/Pt/SnO 2 -Sb, Ti/Cu/SnO 2 -Sb and Ti/Cu/SnO 2 -Sb 2 O 3 , respectively, pointing to HO − adsorption as the rate determining step at these electrodes' surfaces. For Ti/SnO 2 -Sb, Ti/SnO 2 -Sb 2 O 4 and Ti/Pt/SnO 2 -Sb 2 O 4 , much higher apparent activation energies were obtained. Of the tested materials, the most appropriate for oxygen evolution is Ti/Cu/SnO 2 -Sb. The anodic activity of an electrode material depends on the oxygen evolution overpotential. If the material is to be used in the production of oxygen from the water electrooxidation reaction, there are advantages in choosing materials with a low overpotential for oxygen evolution so that the energy consumption becomes lower. Additionally, at these materials, the direct anodic oxidation of pollutants occurs with high efficiency for low current densities 1 because if the current density is high, a significant decrease in the current efficiency is expected due to oxygen evolution. However, it was demonstrated that the electrochemical combustion of most of the organic compounds only occurs without the loss of electrode activity at anode materials with high overpotential for oxygen evolution.
The anodic activity of an electrode material depends on the oxygen evolution overpotential. If the material is to be used in the production of oxygen from the water electrooxidation reaction, there are advantages in choosing materials with a low overpotential for oxygen evolution so that the energy consumption becomes lower. Additionally, at these materials, the direct anodic oxidation of pollutants occurs with high efficiency for low current densities 1 because if the current density is high, a significant decrease in the current efficiency is expected due to oxygen evolution. However, it was demonstrated that the electrochemical combustion of most of the organic compounds only occurs without the loss of electrode activity at anode materials with high overpotential for oxygen evolution. 2 According to a compilation of values for oxygen evolution overpotentials at different anode materials presented by Chen 3 in a review paper, SnO 2 and PbO 2 anodes have similar oxygen evolution overpotentials, which are higher than that of platinum and lower than that of boron-doped diamond (BDD). Thus, regarding current efficiency, SnO 2 or PbO 2 anodes are more advantageous than BDD. The anodic oxidation of pollutants is more efficient in the oxygen evolution region because, in addition to avoiding polarization of the electrode's surface, hydroxyl radicals can be produced and promote pollutant oxidation by indirect processes, although with a decrease in the current efficiency due to the competition between water/pollutant oxidation.
Although anodic oxidation is an effective technique for producing oxygen or oxidizing organic pollutants, to achieve good oxidation rates, the choice of the appropriate anode material is of great importance, and it must possess suitable oxygen overpotential, good electrical conductivity and electrochemical and mechanical stabilities. [4] [5] [6] [7] [8] Various electrode materials, such as platinum, carbon, BDD and metal oxides, namely PbO 2 , SnO 2 , RuO 2 and IrO 2 , have already been studied. 7, 9, 10 Among them, SnO 2 has been extensively tested due to its low preparation cost. It is an n-type semiconductor with a large bandgap of 3.6 eV and is often doped to reduce the bandgap and increase the electrical conductivity. Several chemical elements have been used as dopants, namely Sb, Ar, F, B, Cl and P, with Sb the most effective in increasing SnO 2 electrocatalytic activity. 11 The Sb-doped SnO 2 anodes are known to have high oxygen evolution overpotential and to efficiently generate hydroxyl radicals, thus promoting the combustion of organic pollutants by indirect oxidation. 12 The interaction of the coating material with the substrate may also influence the chemical adsorption and the catalytic properties of the deposited metal oxides. Several studies have concluded that Ti/SnO 2 -Sb 2 O 4 anodes have a short life-time due to the formation of z E-mail: dalia@ubi.pt an intermediate layer of TiO 2 with high resistivity. 11 This layer can be formed during the electrode preparation or during its use as anode because oxide films have a considerable porosity. In both cases, the formation of a TiO 2 interlayer is inevitable. [13] [14] [15] To avoid the formation of the TiO 2 interlayer, various attempts have been made, such as preplatinization of the substrate, addition of an IrO 2 layer and deposition of a Cu film over the substrate. 13, 14, [16] [17] [18] Although the increasing concern over environmental pollution brought renewed attention to research for suitable anode materials, the interest in the kinetics and mechanism of the oxygen evolution reaction in the process of the water electrolysis still remains of great importance. 19 The study of the electrocatalytic properties of electrodes coated with metal oxides films is of fundamental importance for the understanding of their electrochemical behavior, including the Tafel slope, exchange current density, the effect of the temperature on the kinetic parameters and the apparent activation energy. 6, 20, 21 In this study, several electrode materials of tin and antimony oxides were prepared using a two-steps deposition method that consisted of an electrodeposition followed by thermal oxidation to form the respective oxides. For the Sn and Sb depositions, two methodologies were tested, alternating or simultaneous electrodeposition using as substrate titanium foils and titanium foils covered with platinum or copper. The morphology, the microstructure and the electrocatalytic properties of the different Sn-Sb materials were studied by scanning electron microscopy, X-ray powder diffraction and cyclic voltammetry, respectively, and were compared with the results obtained for a Ti/Pt/SnO 2 -Sb 2 O 4 anode previously published. 15 The apparent activation energy for the water oxidation at the different materials was also determined.
Materials and Methods
Chemicals.-In the preparation of the electrodes, the following reagents were used: titanium foil, 0.25 mm thick, 99.7%, SigmaAldrich; sodium hydroxide, 96.8%, Pronalab; oxalic acid, 99%, Merck; chloridric acid, 37%, Pronalab; H 2 PtCl 6 .xH 2 O, 99.9%, SigmaAldrich; tin (II) chloride, 98%, Sigma-Aldrich; antimony (III) chloride, 99%, Fluka; citric acid, 100%, Pronalab; copper sulfate, 99%, Merck; tartaric Acid, 99,5%, Sigma-Aldrich; Na 4 P 2 O 7 .10H 2 O, 99%, Sigma-Aldrich; Gelatine, Merck and Sulfuric Acid, 95 to 98%, SigmaAldrich.
Oxides preparation.-Electrode materials were prepared using different methodologies and different substrates as follows: i) preparation of Ti substrates -Ti plates, with dimensions of 2 cm × 2.5 cm × 0.25 mm, were pretreated with mechanical polishing followed by etching with 40% NaOH (w/w) at 80
• C for 2 h and with 15% oxalic acid (w/w) at 98
• C, for 1 h. The substrates were then washed with double distilled water. ii) Preparation of Ti/Cu substrate -The copper deposition on the Ti substrate, pretreated as in i), was performed in a one-compartment double-wall cell connected to a thermostatic water-bath, which enabled the recirculation of water at 44
• C. The cell contained a copper sulfate solution and a current density of 50 mA cm −2 was applied for 0.5 h using Ti substrate as the cathode and two platinum plates as anodes. 18 iii) Preparation of the Ti/Pt substrate -The Pt deposition on the Ti substrate, pretreated as in i), was performed as described elsewhere. 22 To prepare the Ti/Cu/SnO 2 -Sb 2 O 3 electrode material, alternate Sn and Sb electrodepositions 15 on the Ti/Cu substrate were conducted using a one-compartment double-wall cell connected to a thermostatic water-bath. For the Sn deposition, 100 mL of an aqueous solution with 0.948 g of SnCl 2 and 2 mL of concentrated chloridric acid was used with a current density of 10 mA cm −2 maintained for 30 min at 35
• C. For the Sb deposition, a volume of 100 mL of an aqueous solution with 1.329 g of SbCl 3 and 3.842 g of citric acid was used, and a current density of 10 mA cm −2 was applied for 10 min at 35
• C. This procedure was repeated 4 times. After this, the electrode was heated in a tubular furnace, in an air atmosphere, at 550
• C for 6 h to obtain the respective oxides. The geometric area of the prepared electrode was 10 cm 2 (both sides). Ti/SnO 2 -Sb 2 O 4 was prepared as described elsewhere 15 but without the intermediate platinum deposition. To achieve more uniform films, a different deposition method was also tested, where tin and antimony were electrodeposited simultaneously. 18 Three different anodes were prepared by this method, Ti/SnO 2 -Sb, Ti/Pt/SnO 2 -Sb and Ti/Cu/SnO 2 -Sb, with the differences between them being the substrate -Ti, Ti/Pt or Ti/Cu. The electrodes preparation comprised the substrate pretreatment, the electrodeposition of the intermediate layer, if existing, the simultaneously deposition of tin and antimony and finally the heating of the electrode in a tubular furnace, in an air atmosphere, at 500
• C for 2 h to obtain the respective oxides. The pretreatment consisted of a mechanical polishing of the titanium substrate followed by its immersion in a concentrated chloridric acid boiling bath for 1 minute. For the Ti/SnO 2 -Sb anode, simultaneous deposition of tin and antimony on the Ti substrate was performed with a one-compartment doublewall cell connected to a thermostatic water-bath, which enabled the recirculation of water at 44
• C. The electrodeposition solution had the following composition: SnCl 2 −0.13 M; SbCl 3 −8.125 × 10 −3 M;
To perform the electrodeposition, a current density of 2.5 mA cm −2 was applied for 1 h using a Ti substrate as the cathode between two platinum plate anodes. A similar procedure was followed to prepare the Ti/Pt/SnO 2 -Sb and Ti/Cu/SnO 2 -Sb anodes, with the only difference being the platinum or copper interlayer (deposited as described above), respectively, after the pretreatment of the titanium foil.
Two sets of the six different anodes were prepared.
Electrodes characterization.-Electrodes were structurally characterized by X-ray powder diffraction (XRD) at room temperature using a Rigaku DMAXIII/C diffractometer with Cu K radiation (λ = 0.15406 nm) and working at 30 kV/40 mA. The diffraction patterns were collected in the range of 2θ = 5-90
• with a 0.02
• step and an acquisition time of 2 s per step. Their morphology was then evaluated by scanning electron microscopy (SEM), and the microanalysis was performed by dispersive energy spectroscopy (EDS) in a Hitachi (S-2700)/Oxford (60-74) system operating at 20 keV.
The electrochemical characterization of the prepared Sn-Sb oxides was performed by cyclic voltammetry using a onecompartment double-wall cell connected to a thermostatic water-bath, which enabled the recirculation of water at temperatures ranging from 25 to 65
• C. One of the two sets of the six different freshly prepared anodes was tested in preliminary phenol degradation studies. The results of the characterization study were obtained for the two sets of the freshly made electrodes and for one of them after being used in the anodic oxidation tests, and are presented as mean values, with standard errors, in the tables. The results presented in the figures were obtained for one set of freshly prepared electrodes.
Results
Structural characterization of the electrodes.-In Figure 1 15 although antimony presents a different oxidation state when copper is the interlayer, possibly due to competition between copper and antimony for the oxygen. A SnSb intermetallic phase (PDF#33-0118) can be detected in almost all of the diffractograms. The simultaneous or alternated electrodeposition form of Sn and Sb produce different results: when Sn and Sb electrodeposition is simultaneous, Sb may substitute Sn in the lattice, and only one oxide phase, SnO 2 , is obtained in addition to the intermetallic SnSb phase; when the Sn and Sb electrodeposition is alternated, the two oxide phases are obtained. In the films prepared by the simultaneous electrodeposition method, some diffraction lines, not assigned to the previous discussed phases, can be assigned to the Sn,Sb-P 2 O 7 phases [24] [25] [26] because pyrophosphate is used in the simultaneous electrodeposition preparation method. Regarding the EDS results, Sn and Sb are detected in all of the prepared materials. The molar Sn/Sb ratio is higher than 1 for the co-deposited oxides and lower than 1 for the alternated metal depositions, which is explained by the experimental procedure, because in the alternated deposition method, Sb is the last metal being deposited. Figure 2 , micrographs of the surfaces of the titanium plate and titanium plate covered with platinum and copper are presented. It can be observed that the introduction of a Pt or Cu interlayer increases the roughness of the surface, particularly in the case of the Pt layer. In Figure 3 , micrographs of the electrodes' surfaces, with two different magnifications, are presented. Ti/SnO 2 -Sb ( Fig. 3a and 3b) and Ti/Cu/SnO 2 -Sb ( Fig. 3g and 3h ) present similar morphologies, with homogeneous Sn-Sb oxide crystallites with a globular form consisting of 5-10 μm agglomerates of smaller crystallites. The structure is highly porous. The introduction of a Pt metallic interlayer (Fig. 3e and 3f) reduces the porosity of the film and presents a more compact coating similar to cauliflower. However, the number of agglomerates is higher and presents lower dimensions, leading to a higher surface area.
Morphological characterization of the electrodes.-In
In Figure 3c and 3d, Ti/SnO 2 -Sb 2 O 4 , prepared with a shorter deposition time than the one presented in, 23 shows a different morphology from the cracked mud view that characterizes these films. 16, 27 This fact is related to the higher homogeneity obtained in the films prepared with shorter deposition times that prevents a higher separation of the two phases, with different thermal expansion coefficients. In Figure 3i and 3j, Ti/Cu/SnO 2 -Sb 2 O 3 , two distinct morphologies are presented, evidencing the two oxide phases identified by X-ray diffraction: one with a sea sponge look, attributed to tin oxide, and another with a branched tree form, attributed to antimony oxide. Electrochemical characterization of the electrodes.-Relative roughness.-To estimate the relative roughness factor, R f , of the prepared materials, and assuming that the outer layer is metallic oxide, the capacitances were compared with that of an oxide with a smooth surface, which is assumed to be 60 μF cm −2 . 28 For conductive oxides, the double-layer charging current, I, depends linearly on the scanning rate, υ, and the double-layer capacitance of the electrode/solution interface, C, can be obtained from the resultant slope, (i.e., C = dI/dυ).
To determine the oxides' capacitance, cyclic voltammetric curves were run at different scanning rates, varying from 2 to 50 mV s −1 , in 0.035 M Na 2 SO 4 aqueous solution, in a one-compartment electrochemical cell, using the different Sn-Sb oxides as working electrodes. Figure 4 presents the cyclic voltammograms for one set of five freshly prepared electrodes, recorded in the potential range where only double-layer charging currents were observed. However, for higher scan rates, resistivity behavior can be found in the films with a Pt or Cu interlayer, perhaps because additional interfaces introduce ohmic resistances. From the above-mentioned current-potential curves, I values for the different scan rates were obtained at E values where anodic and cathodic currents presented higher symmetry. Plots of the I values vs. scan rate are also presented in Figure 4 , as insets, where the equations of the fitted lines are also shown. The normalized capacitances of the oxide/solution interface are calculated by dividing the slopes of the fitted equations by the geometric area of the electrode and the relative roughness factors are calculated as the ratio between the normalized capacitances and 60 μF cm −2 . Table I contains the normalized capacitances obtained using similar methodology for the three sets of the different electrode materials. From these normalized capacitances, relative roughness factors were calculated and are presented as mean values in Table I . This table also contains data from literature, to allow drawing some conclusions.
The highest roughness factor was found for Ti/Pt/SnO 2 -Sb. Comparing Ti/Pt/SnO 2 -Sb (R f = 196) prepared with simultaneous metal electrodeposition, with Ti/Pt/SnO 2 -Sb 2 O 4 (R f = 41), prepared in a previous work by alternating metal electrodeposition, 15 it may be concluded that, for this platinized material, simultaneous electrodeposition produces higher roughness factors, as shown by the SEM results ( Fig. 3e and 3f , and 15 ). The explanation for this fact is that the roughness of the platinized titanium is very high (see Figure 2b) and can influence the roughness of the posterior SnO 2 -Sb layer, whose thickness is low, because it is prepared with only one simultaneous Sn,Sb electrodeposition. On the other hand, the Ti/Pt/SnO 2 -Sb 2 O 4 electrode is prepared with 4 alternating electrodepositions of each metal, leading to a higher thickness that can minimize roughness.
Comparing the Ti/SnO 2 -Sb 2 O 4 (R f = 19), prepared in this work, with Ti/SnO 2 -Sb 2 O 4 (R f = 777), prepared in a previous work, 23 both by alternating metal electrodeposition but different electrodeposition durations, it can be concluded that a fourfold increasing in the electrodeposition time increases the roughness. The main differences found in the roughness factors for the Sn-Sb oxide films prepared on Ti/Pt or Ti/Cu must be due to the interlayers of Pt or Cu that present completely different aspects (see Figure 2b and 2c) .
From the observed roughness factors obtained for the films prepared in this work, it seems that the electrochemical behavior of the as-prepared electrodes depends on the substrate morphology, as well as on the electrodeposition process and probably also on the film thickness. It is difficult to show a linear behavior for the roughness from the experimental details. The oxygen evolution reaction at different electrode materials.-In Figure 5 , the voltammograms performed with one set of the five new electrode materials prepared in this work, as well as with one electrode material prepared according to literature, 15 for five different temperatures, are presented for the anodic currents up to the oxygen evolution region. Regarding the type of Sn and Sb electrodeposition, simultaneous or alternate, and the existence or absence of a Pt or Cu interlayer, the following conclusions can be obtained: the introduction of a Pt or a Cu metallic interlayer leads to an increase in the current intensity values due to the increase in the conductivity of the substrates Ti/Pt and Ti/Cu relative to the Ti. When the metallic interlayer is the same, the electrodes of the composite material of Sn and Sb oxides present lower current intensity for equal applied potential, indicating that the presence of only one predominant phase increases the current intensity. The presence of two distinct phases introduces more resistance in the grain boundaries; however, the real surface area also has an important role in the current intensity. In Figure 5c and 5d, it can be observed that, simultaneously to the oxygen evolution, Pt can be oxidized, leading to distinct behaviors in the voltammogram profiles of the platinized and not-platinized electrodes. 29 In the voltammograms presented in Figure 5e and 5f, before oxygen evolution, an anodic peak can be observed, which can be attributed to the copper oxidation. To better visualize the potential window and the relative intensities at the same applied potential for the different Sn-Sb materials, a comparison of the obtained voltammograms for 25 and 65
• C is depicted in Figure 6 . The highest potential window is presented by the electrode materials prepared without a metallic interlayer, followed by that with a Pt interlayer and finally that with a Cu interlayer. Regarding the preparation mode, the simultaneous electrodeposition of Sn and Sb slightly decreases the potential window.
To study the mechanism of the oxygen evolution reaction on the surface of the different prepared anodes, steady-state polarization curves were conducted at temperatures ranging from 25 to 65
• C in aqueous 1 M KOH solutions at the anodic potential limit of the electrochemical window. This reaction at the SnSb anodes' surfaces (Mox) can be represented by the following 
where Equation 1 is the rate determining step. Because the Tafel plots of log j, where j is the current density, versus the overpotential, η, presented two different slopes, one for low overpotential and another for high overpotential, all of the calculations were made at two different ranges of current density for all of the tested materials and for temperatures ranging from 25 to 65
• C. The corresponding overpotentials for the different anode materials, used for the three sets of electrode materials, are presented in Table II.  This table also contains Tafel slopes and exchange current densities, j 0 , determined from the Tafel plots for one set of freshly prepared materials at all experimental conditions. From Table II , it can be seen that j 0 and the Tafel slopes are higher for the highest overpotential region and for higher temperatures. According to Montilla et al., 16 the existence of two different Tafel slopes, for low and high overpotentials, may be related with the change in the valence state of the active sites of the anode materials. Thus, the active sites partially inactivated for low overpotential or lower temperatures can be activated in the high overpotential region and at higher temperatures. 31 The anodes that present higher catalytic properties for the oxygen evolution reaction are those that present lower overpotential and higher j 0 . From Figure 6 , it can be seen that the anodes with better electrocatalytic properties for this reaction are those with a copper interlayer, followed by those with a platinum interlayer. The anodes without a metallic interlayer have the poorest electrocatalytic activity for oxygen evolution. However, the latter are the most efficient for the oxidation of organic pollutants, with lower energy loss in water electrolysis.
The Tafel slope depends on the electrodes' surface characteristics and on the reaction mechanism. The materials that present higher increases in the Tafel slope between low and high overpotential are those having antimony in the form of Sb(III) and that can be partially oxidized to Sb(V) at higher overpotential, increasing the adsorption of OH − . However, this is not the only factor that can affect the Tafel slope because for high roughness factors, an increase in the active sites can decrease the Tafel slope. When similar anodes prepared by the two Table II . Tafel slopes and exchange current densities for the oxygen evolution reaction obtained from steady-state polarization curves with one set of freshly prepared electrode materials at different temperatures and two different overpotential ranges. different methods are compared, those presenting higher roughness have lower Tafel slopes.
To determine the apparent activation energy, log j 0 was plotted versus 1/T(K) for the three sets of the different anode materials at low and high overpotentials. These Arrhenius plots are presented in Figure 7 for one set of freshly prepared materials. From these Arrhenius plots, apparent activation energies for the oxygen evolution reaction at the Sn-Sb materials, for low and high overpotentials, were attained and are presented as mean values in Table III . The apparent activation energies standard errors presented are mainly due to differences between the Tafel slopes and the j 0 obtained for the two sets of the freshly prepared materials. The apparent activation energies values are distributed into two groups: one that presents values similar to the value reported for the oxygen evolution reaction on Pt in acid medium, 47 kJ mol were also obtained by Suffredini et al. 21 for this reaction at borondoped diamond anodes in acidic media.
From the data collected in Tables I and III , the following conclusions can be drawn: the values of 73 and 51 kJ mol −1 presented by Ti/Pt/SnO 2 -Sb are similar to that presented by a Pt electrode because the Sn-Sb film is very thin, as shown in Figure 1 , where the lines attributed to Pt are very intense, showing a poor coverage of the Pt interlayer; for equal substrate and interlayer, the material with higher roughness factor presents lower apparent activation energy because a higher specific surface area favors adsorption; the highest difference in apparent activation energy observed for low and high η for Ti/SnO 2 -Sb and Ti/Pt/SnO 2 -Sb 2 O 4 is related with the Ti or Pt oxidations, respectively, which may occur simultaneously with the oxygen evolution; the materials prepared with a copper interlayer are those that present the lowest differences in apparent activation energy among them, probably because the influence of the interlayer is a dominant factor, and Cu oxidation must have a lower activation energy than Ti or Pt oxidations.
Conclusions
Several electrode materials based on tin and antimony oxides were prepared by two different methods and with different substrates/interlayers. Depending on the preparation method, different phases were identified by XRD: when the Sn and Sb electrodepositions were alternated, the formation of distinct SnO 2 and Sb 2 O 4 or Sb 2 O 3 phases was observed; for simultaneous Sn and Sb electrodepositions, the main phase observed was SnO 2 . The roughness of the prepared materials strongly depends on the roughness of the substrate/interlayer and on the thickness of the deposited layer, more than on the deposition method. The material that presented the highest roughness was Ti/Pt/SnO 2 -Sb prepared over a Pt interlayer with very high roughness. The roughness deeply influences the oxygen evolution reaction because for equal substrate and interlayer, the material with higher roughness factor presents lower apparent activation energy, probably because the higher specific surface favors adsorption and facilitates the rate determining step. For some of the prepared materials, namely Ti/SnO 2 -Sb and Ti/Pt/SnO 2 -Sb 2 O 4 , a large difference was observed between the apparent activation energies calculated for low and high overpotentials, which is related to the Ti or Pt oxidation that can occur simultaneously with oxygen evolution. The lowest apparent activation energy for oxygen evolution was observed for Ti/Pt/SnO 2 -Sb, the material that presented the highest roughness factor. The materials containing a copper interlayer presented very similar apparent activation energy for the oxygen evolution reaction. These materials also presented the lowest potentials for oxygen evolution, in particular the oxide prepared over a Cu interlayer with simultaneous Sn,Sb electrodepositions. Thus, for the tested materials, the most appropriate for oxygen evolution is Ti/Cu/SnO 2 -Sb.
